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Abstract
Gain-switching is a technique to generate short-width optical pulses. Its main
advantage is that it does not require any change in the circuitry of the laser
diode used or employ an external optical modulator. The modulating signal
generator used by previous studies of gain-switching is an RF sine wave source
or a comb generator. Previous work on gain-switching using comb generators
as input source have selected only a single value of temporal period.
For the first time, we study of the dependence of the optical pulsewidth and
peak power of gain-switched pulses as a function of the temporal period us-
ing a comb generator. We find a baseline optical pulse width at large temporal
periods, and that this width decreases by approximately 3% as the temporal
period is reduced. The width then increases for even shorter temporal peri-
ods. To conclude, there is a region of operation in the temporal period range
where a minimum gain-switched pulsewidth can be obtained. The dependence
of pulsewidth on the magnitude of DC bias and modulating signal applied is
also studied. It is seen that the pulsewidth decreases with the increase in the
values of both these currents. But there is a drawback of increasing the magni-
tude of the applied current that is mostly neglected in the scientific literature;
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at higher values of applied current, ripples are observed in the gain-switched
optical pulses.
For the first time, we study gain-switched pulses using a non-regular, data-
like pattern "1011" as the modulating signal. The width of the input signal
is varied to study the impact on the gain-switched pulses. It is seen that for
lower width input signals, a higher value of DC bias is required to obtain op-
tical pulses for the whole data pattern. But for higher width input signal, the
whole data pattern is obtained as optical pulses at lower values of DC bias.
Moreover, the gain-switched pulses are not uniform in terms of peak power,
and we explore means to make these power levels uniform.
For both the comb-generator pulses and the non-regular, data-like "1011"
pulse pattern, we study the impact of chromatic dispersion on the optical pulse
width and pulse performance. Chromatic dispersion has been used in previ-
ous studies as a means of compressing the gain-switched pulses. For comb-
generated pulses, we find that an increase in the bias current applied to the
laser diode results in a decrease in the magnitude of chromatic dispersion re-
quired to compress the gain-switched optical pulse. Also the percentage change
in the width of the gain-switched pulse on passing through a dispersion source
increases with the increase in bias current even though the applied chromatic
dispersion is decreased. The optical pulses generated using data pattern are
more uniform in terms of peak power of the optical pulses when chromatic dis-
persion in a particular range is applied. A reduction in jitter is also seen for
iv
that range of dispersion while it increases for higher and lower values of dis-
persion.
During the course of my thesis work, I activated a gain-switched optical
pulse source in the Photonic Systems Laboratory at RIT for the first time. This
source will be used to support future research projects. I also developed a suite
of MATLAB code for study of gain-switching and dispersion compensation.
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A LASER, an acronym for Light Amplification by Stimulated Emission of Radi-
ation, is a device which amplifies or generates light using the phenomenon of
stimulated emission of photons. Lasers are categorized based on different criteria
like the material used, wavelength of output, and their applications. Of the dif-
ferent types of lasers available, semiconductor lasers operate in the wavelength
range from 375 nm to 1800 nm, and so these lasers find their application in fiber
optic communication systems.
A semiconductor laser or laser diode primarily is a p-n junction which emits
light by stimulated emission when the injected current exceeds the threshold
current for that laser diode. When the laser is turned on, the optical output, be-
fore reaching a steady state, oscillates periodically. These periodic oscillations
are termed as relaxation oscillations [1].
Figure 1.1 depicts the relaxation oscillations as the laser is turned on. The
plot shows three quantites plotted against time normalized with respect to car-
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rier lifetime τc. The first quantity is input current, I. The figure also shows the
change in number of charge carriers N, normalized with respect to threshold
carrier density Nth. Initially, there is an increase in N and when N crosses the
threshold carrier density, there is a rise in the number of photons in the laser.
This is depicted by the optical power in the figure. As a high value of bias cur-
rent is applied, there is a sudden increase in the carrier density also termed as
’population overshoot’ [2]. The photon population increases rapidly as the car-
rier density crosses threshold. This sudden increase in photon density results
in a depletion of the electrons and so causes damped oscillations.
Figure 1.1: Relaxation Oscillations of laser. Oscillations in the optical power can
be seen before it stabalizes. For parameter values refer to Table 2.1
2
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These relaxation oscillations are used to obtain ultrashort width optical pulses
from the laser. For this a laser is biased using two signals, a DC bias signal with
amplitude below threshold level of the laser and a high frequency RF or modu-
lating signal with amplitude much higher than the threshold value of the laser.
This technique generates short width pulses by dropping the bias current below
Ith before the first relaxation oscillation is completed. This technique is known
as gain-switching. Figure 1.2 (a) shows the general scenario when a constant DC
bias is applied to the laser. Figure 1.2 (b) depicts the gain-switched output from
the laser diode. The width of the gain-switched pulses is of the order of 10’s of
picoseconds.
Figure 1.2: Output of Laser (a) continuous wave (b) gain-switched pulses
In gain-switching, the width of the pulses depends on the type, repetition
rate and amplitude of the modulating signal applied, and the magnitude of the
DC bias applied to the laser diode. All these parameters effect the carrier den-
3
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sity and photon density and so ultimately have an impact on the optical pulse
generated. It is of prime importance that the carrier density in the laser returns
to a value much lower than the threshold level before the next pulse is applied
to the laser. And that is how the dependence on repetion rate comes into play.
The peak power of the gain-switched pulses is dependent on the amplitude of
the modulating signal and the DC bias and very large values of these two quan-
tities broaden the optical pulses.
The gain-switched behavior of lasers was first observed in the early 1980’s,
initially by simulations and then shown experimentally. Gain-switching is pos-
sible using different types of input signals like sine waves, square waves, and
short duty cycle pulses. The shape and width of output pulse from the laser
changes based on the type of input signal applied. Most of the work done has
been using sine waves or short duty cycle pulses.
Experiments were performed using large amplitude sine waves. Lin et al
(1980) used a comb generator producing 50 ps width and 25 V amplitude pulses
with repetion rate ranging from 200-500 MHz [4]. Takada et al (1987) [5], applied
a 4.4 GHz sinosuidal signal to the laser diode and generated optical pulses of 30
ps width. Ong et al (1993) [6] generated optical pulses with width in the range
of 29-20 ps using 100 MHz, 15 V input from a comb generator, and a DC bias
in the range of 3-5 mA. Calvani et al (1995) [7] were able to generate 12 ps opti-
cal pulses from a gain-switched laser using 70 ps width, 15 V amplitude pulses
from a 500 MHz comb generator. Chusseau et al (1996) [8] used 100 MHz comb
4
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generator to obtain gain-switched optical pulses of width 16 ps. Gain-switched
sources have also found application in TDM transmission systems for input
signals with repetition rate in the range of 10 GHz [9]. The studies using comb
generators as a source used only one value of the pulse period. These studies
used very high amplitude and many of them don’t show the actual pulses gen-
erated.
1.2 OVERVIEW OF THESIS
Chapter two concentrates on solving the rate equations for a single mode laser.
Section one introduces the laser rate equations. The rate equations are equa-
tions that determine the rate of change of charge carriers and photons in the
laser diode. Section two involves the normalization of the rate equations. The
quantities involved in the rate equation are normalized either by carrier life-
time or carrier density at threshold. Values of the parameters used are also
defined in this section. Section three is the study of the rate equations when εnl
is zero. A numerical solution for laser rate equations is obtained for this condi-
tion. Section four deals with the numerical solution of laser rate equations for
a non-zero value of εnl. A comparison of the solution obtained in the previous
section to that generated in this section is provided. Section five summarizes
the algorithm used to simulate the laser rate equations.
Chapter three focuses on the lasing threshold current of the laser diode used
5
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in the gain-switching experiments. It is important to know the lasing threshold
current of the laser diode because the DC bias and the modulating signal used
in the gain-switching experiments are set with respect to the lasing threshold
current. Section one deals with finding the steady state solution for the laser
rate equations. The steady state solution is found analytically and is used to
obtain the P-I plot for the laser diode theoretically. Section two of this chapter
discusses the experimental setup for the lasing threshold experiments. Section
three explains the experimental data obtained at various temperatures. Section
four is about the method used to calculate the threshold current from the exper-
imental data. It also explains the reason for using our chosen technique over the
other methods used to determine lasing threshold.
Chapter four analyzes the gain-switched optical pulses generated when the
modulating signal is a 125 ps width signal. Section one defines the character-
istics of gain-switched optical pulses. Section two of this chapter deals with
the parameters that can be controlled to vary the gain-switched optical pulses.
Section three gives a description of the setup for gain-switching experiments.
The equipment used in these experiments is also listed. Section four discusses
the simulated results of gain-switching. The behavior of the electrons and pho-
tons when a 125 ps input pulse is used is described. Section five of this chap-
ter shows the results for the first gain-switching experiment. Section six is the
study of the dependence of pulsewidth, peak power, and pulse ripple of gain-
switched optical pulses on the DC bias applied. In section seven, the impact of
6
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the modulating signal on various characteristics of gain-switched optical pulses
is analyzed. Section seven contains a discussion of the optimum values of the
input parameters to generate good quality gain-switched optical pulses.
Chapter five shows the impact of change of the time period of the modulat-
ing signal on different gain-switched optical pulse characteristics. Section one
analyzes the effect of time period of input signal on the pulsewidth, both in
simulations and in experiments. Section two discusses the impact of the period
of input signal on the peak power of the gain-switched optical pulses. We find
that there is an optimum region in the time period range to generate minimum
width optical pulses. For higher or lower values of time period, large width
optical pulses are generated. Also, with the increase in time period, a decrease
in the peak power of gain-switched optical pulse is seen.
Chapter six deals with impact of chromatic dispersion on gain-switched op-
tical pulses. Section one describes the presence of chirp in the gain-switched
pulses. Section two deals with how chromatic dispersion effects the gain-switched
pulses. Section three shows the simulated results obtained when chromatic dis-
persion is applied on gain-switched pulses generated using 125 ps input pulses.
It also discusses the changes in the characteristics of gain-switched pulses due
to chromatic dispersion. In this study we find that a change in input current
results in a change in the amount of chromatic dispersion required for pulse
compression.
Chapter seven investigates and analyzes the gain-switched optical pulses
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generated when a data pattern of "1011" is used as input. As previous stud-
ies use simple repetitive injected current patterns, this "1011" patterns is a new
area of study for gain-switching and is greatly complicated by the dynamics
of the electron and photon populations. The effect on the characteristics of the
gain-switched pulses is studied when the width of the input data pattern is var-
ied. Section two deals with the change in peak power of the consecutive optical
pulses generated. In this section we see that the variation in peak powers de-
creases as the magnitude of DC bias is increased. Section three is an analysis of
the turn on delay of the gain-switched optical pulses. Section four and five deal
with the effect of chromatic dispersion on the peak powers and turn on delay
of the gain-switched optical pulses. In these sections we find that application
of chromatic dispersion helps in improving the quality of the gain-switched
optical pulses. There is an optimum region of chromatic dispersion in which




2.1 RATE EQUATIONS FOR SINGLE MODE LASER
The dynamic behavior of a laser diode is governed by the rate of change of the
electrons and the rate of change of the number of photons in the diode. The
rate of change of the charge carriers is governed by the input current applied to
the diode and the rate of carrier recombination which includes stimulated and
spontaneous emission. The equation for the rate of change of photons involves
the rate of stimulated emission, spontaneous emission, and cavity loss which
is essentially the loss due to absorption of photons in the lattice structure, heat
losses, and any other loss which reduces the number of photons in the laser















where N(t) is the number of electrons, I is the current in amperes, q is the elec-
tron charge in coulombs, τc is the carrier lifetime in seconds, G is the net rate
of stimulated emission in sec−1, P is the number of photons, Rsp is the rate of
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spontaneous emission in sec−1 and τp is the photon lifetime in seconds.
The net rate of stimulated emission, G(t) is mathematically written as [10]:
G(t) = GN(N(t)− N0)(1− εNL)P(t),
where N0 is the number of electrons at transparency and εNL is the non-linear
gain parameter.








− GN(N(t)− N0)(1− εNLP(t))P(t), (2.1.3)
dP(t)
dt




2.2 NORMALIZED LASER RATE EQUATIONS
The laser rate equations are normalized, divided by a similar or related param-
eter, due to the below mentioned reasons:
1. To reduce the number of different parameters involved in the rate equa-
tions.
2. To bring the parameter values closer to unity which are easier to plot and
which minimizes numerical error.
3. To make the remaining quantities unitless, which helps avoid careless
unit related mistakes.
4. To produce more general results, that apply to a range of quantity values.
5. If the normalizing quantity is chosen judicially, the required resolution
of the x-axis can be easily estimated.
10
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The quantity used to normalize time in the laser rate equations here is carrier
lifetime, τc and to normalize the number of charge carriers, it is number of
charge carriers at threshold level Nth.























Normalizing I with threshold current Ith yields:
I = Ith I′, (2.2.3)
where I’ is I/Ith.





where Nth = N0 + 1GNτp .
Replacing t/τc by t’ and I by the expression from equation (2.2.4) in equa-
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I′ − N′ − G′N(N′ − N′0)(1− εNLP(t))P(t)
]
. (2.2.8)
Following a similar procedure for equation (2.2.6) yields:
dP
dt′




Replacing τcNthGN by G′′N, Rspτc by R
′








To summarize, the normalized rate equations for a DFB laser are:
dN′
dt′
















where vg is the group velocity in units of m/sec, αmir is the effective loss coef-
ficient for the mirror reflectivity, h is Planck’s constant in units of J-s, c is the
speed of light in units of m/sec, and λ is the free-space wavelength of optical
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power emitted by laser in units of m. The effective loss coefficient for mirror










where L is the length laser diode in m and R1 and R2 are the reflectivities of the
two mirrors.
Table 2.1: Specific 1.55 µm DFB laser parameters used to find the normalized
parameter values
Parameter Symbol Value
Carrier Lifetime τc 1 ns
Photon Lifetime τp 3 ps
Rate of spontaneous emmission Rsp 0.667 THz
Rate of stimulated emission coefficient GN 1×104s−1
Number of electrons at transparency N0 1×108
Number of electrons at threshold Nth 1.33×108
Non-linear gain parameter εnl 1×10−7
Group velocity vg 0.75×108 m/s
Length of laser L 300 µm
Reflectivity R1, R2 0.3
Planck’s constant h 6.63×10−34 J-s
Speed of light c 3×108 m/s
Wavelength of light (free space) λ 1.55µm
Table 2.2: Normalized quantities
Parameter Symbol Definition Value
Normalized number of electrons at transparency N’0 N0/Nth 0.6667
Normalized rate of stimulated emission coefficient G’N GNτc 1×10−5
Normalized rate of spontaneous emmission R’sp Rspτc 666.7
Normalized photon lifetime τ′p τp/τc 0.003
The values of various parameters used in solving the laser rate equations
for 1.55 µm DFB laser diode are described in tables 2.1 and 2.2. Table 2.1 gives
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the specific values of unnormalized quantities and table 2.2 gives the calculated
values of the normalized quantities used in the normalized laser rate equations.
2.3 SOLUTION FOR εnl = 0 AND SINUSOIDAL
INPUT
The non-linear gain parameter, εnl is a parameter in the laser rate equations
which is responsible for a strong damping of the relaxation oscillations.
Figure 2.1: Effect of non-linear gain parameter εnl on relaxation oscillations.
Earlier work in laser rate equations did not take εnl into account. With εnl=0,
the rate equations are simplified. In that case, substituting εnl=0 in equations
14
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(2.2.11) and (2.2.12) yields:
dN′
dt′








As shown in figure 2.1, the optical power stablizes faster when the non-
linear gain parameter is considered in the laser rate equations. The x-axis in the
plot is the time normalized with respect to carrier lifetime τc and the y-axis is
the output optical power from the laser diode. The presence of εnl limits the rate
of change of photons and electrons. Since gain-switching essentially isolates the
first relaxation oscillation ripple, the effect of εnl is to reduce the strength of the
gain-switched pulse.
The expression for I’ is calculated from the expanded form of I(t) as follows:
I(t) = Ia + Ib(t), (2.3.3)
where Ia is the amplitude of DC bias in units of amperes and Ib is the amplitude
of modulating signal in units of amperes.
Dividing equation (2.3.3) by Ith, the threshold current of the laser, and sub-




= a + b(t). (2.3.4)






, where T′0=T0/τc and T0 is
the sinewave period.
The solution for N’ and Pe from equations (2.3.1) and (2.3.2) is shown in
figure 2.2 and 2.3.
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Figure 2.2: Number of electrons vs normalized time when εnl is zero. DC Bias
is 0.8Ith and sine wave signal magnitude is 3Ith, where Ith is the
threshold current of the laser. For parameter values refer to Table
2.1 and 2.2.
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Figure 2.3: Optical power from laser vs normalized time when εnl is zero. DC Bias
is 0.8Ith and sine wave signal magnitude is 3Ith, where Ith is the
threshold current of the laser. For parameter values refer to Table
2.1 and 2.2.
2.4 SOLUTION FOR εnl 6= 0 AND SINUSOIDAL
INPUT
When the non-linear gain parameter εnl is included in the laser rate equations
and the solution for number of electrons N and Pe is shown in figures 2.4 and
2.5. As can be seen, when the number of electrons crosses the threshold value
for the laser, a short width optical pulse is generated. The period of the gen-
erated optical pulses is same as the time period of the RF signal applied to the
laser.
17
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Figure 2.4: Number of electrons vs normalized time when εnl is 1x10−7. DC Bias
is 0.8Ith and sine wave signal magnitude is 3Ith, where Ith is the
threshold current of the laser. For parameter values refer to Table
2.1.
Figure 2.5: Optical power from laser vs normalized time when εnl is 1x10−7. DC
Bias is 0.8Ith and sine wave signal magnitude is 3Ith, where Ith is
the threshold current of the laser. For parameter values refer to
Table 2.1.
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Figure 2.6 shows a comparision of the optical pulse generated with and
without εnl. It can be seen that in the presence of εnl, the pulse is broader and
the magnitude of the pulse is reduced.
Figure 2.6: Comparision of the optical pulse with and without εnl .
2.5 SUMMARY OF THE ALGORITHM USED IN
SIMULATION
In order to simulate gain-switching using MATLAB, the following steps were
used.
19
CHAPTER 2: LASER RATE EQUATIONS
1. Normalize the parameters with respect to τc.
2. Select the input signal to be used.
3. Select the magnitude of DC and RF bias to be applied.
4. Select the frequency of the RF bias.




Threshold current of a laser diode is the current value at which the laser starts
lasing or in other words the magnitude of the power emitted by the laser in-
creases significantly compared to the optical power emitted at lower values of
current. Gain-switching requires that the DC injection current Ia and the time-
modulated current Ib must be set with respect to threshold current of the laser
diode. Therefore, calculating the value of the value of lasing threshold current
is important for gain-switching experiment. In this chapter we study the las-
ing threshold with simulations and with experiments. The technique used to
determine the lasing threshold of the laser diode used in the gain-switching ex-
periment is described. Also the reason for using the linear fit technique instead
of any other technique to calculate the threshold current value is discussed.
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3.1 STEADY-STATE SOLUTION TO LASER RATE
EQUATIONS
A steady-state condition in a laser is when the applied bias current is constant
and in response to that the laser emits a constant amount of optical output
power. The magnitude of the emitted power can be very low if the bias is below
threshold, but it increases as the applied bias current value crosses the thresh-
old value.
A steady-state condition in terms of rate equations means that the rate of







In order to find the steady-state solution, the simplified laser rate equations
where εnl =0 is used and also Ib=0. So the equations now are:
a− N′ − G′N(N′ − N′0)P = 0, (3.1.1)
G′′N(N




These equations can be solved analytically. Solving for N yields:
N =









) + P((aG′′N − G′′N N′0 + R′spG′N −
1
τ′p
) + R′sp = 0.
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The root of this equation gives the steady state solution:
P =
−(aG′′N − G′′N N′0 + R′spG′N − 1τ′p )−
√













Figure 3.1: Current vs output power for a laser. (simulated)
Figure 3.1 shows the input current vs output optical power. The point on
the x-axis where the magnitude of optical power rises from zero is the threshold
current for the laser diode. In figure 3.1, the x-axis denotes normalized input
current and so the point at which the laser starts lasing has a value of 1.
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3.2 EXPERIMENTAL SETUP
The experimental setup used to determine lasing threshold is shown in Figure
3.2. In this setup, the laser is connected to an optical spectrum analyzer (OSA).
The laser used here is a TriQuint D2525P880 DFB laser and the OSA is a Yoko-
gawa AQ6375 Optical Spectrum Analyzer.
Figure 3.2: Experimental setup for lasing threshold measurement.
3.3 MEASURED DATA
The peak power was measured for different values of current. This process was
repeated for different values of temperature. Figure 3.3 shows that as the input
current increases above threshold, the laser begins to lase and the emission of
light starts.
It is important to know the threshold current of the laser diode being used
in gain-switching experiments. The value of DC bias and the modulating sig-
nal is measured in terms of the threshold current of the laser diode. Figure 3.3
shows a plot of the optical power as input current applied to the laser diode is
varied at three different temperature. As can be seen in the figure, an increase in
temperature increases the value of threshold current. This change in threshold
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current with temperature, if not monitored, would effect the measurements of
the gain switching experiment. So it is important to control the temperature of
the laser diode when the gain switching experiment is performed. It is also im-
portant to know the threshold current value of the laser diode at that particular
temperature.
Figure 3.3: Optical power from laser vs input current plot. (experimental)
3.4 TECHNIQUE USED
There are several techniques used to find the threshold current for a laser diode [12].
One method to calculate threshold current is the first derivative threshold cal-
culation. In this method, the first derivative of output power with respect to
25
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input current, dP/dI is plotted. The value of current at which the value of the
derivative is 12 the maximum value of the derivative dP/dI is defined to be the
threshold current. This method is used only when the maxima of dP/dI is well
defined. But sometimes due to the presence of noise in the system, the maxima
is not clear. The first derivative method is then unfit to calculate the threshold
current.
For the laser used in this experiment the threshold current was determined
at three different temperatures, 200C, 220C, and 250C. The first derivative of op-
tical power with respect to input current, dP/dI is plotted for the three different
temperatures, as shown in figure 3.4, 3.5, and 3.6. The first derivative plot in all
the three cases does not have a smooth maxima point but instead has multiple
peaks. This means that the first derivative method is not suitable to find the
lasing threshold.
So to calculate the threshold current, the linear fit technique is used. In this
technique, a straight line is extended from the lasing portion of the P-I plot. The
point of intersection of that line and x-axis is the threshold current value of the
laser at that temperature.
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Figure 3.4: First derivative of output optical power with respect to bias current ap-
plied at a temperature of 20oC.
Figure 3.5: First derivative of output optical power with respect to bias current ap-
plied at a temperature of 22oC.
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Figure 3.6: First derivative of output optical power with respect to bias current ap-
plied at a temperature of 25oC.
To calculate the threshold current for the laser used in the gain-switching ex-
periment, the linear fit technique is used. A straight line in the lasing region of
the P-I plot is extended to the point where it intersects the x-axis and that value
is defined to be the threshold current. As can be seen in figure 3.7, the threshold
current at a temperature 20oC is 21.72 mA. From figure 3.8, the threshold cur-
rent at a temperature 22oC is 22.56 mA. The threshold current at temperature
25oC from figure 3.9 is 24.29 mA. From the values of threshold current calcu-
lated for the laser diode, it can be said that the threshold current increases by
approximately 0.87 mA for every 1oC increase in temperature.
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Figure 3.7: Linear fit method to determine threshold current applied at a temperature
of 20oC (experimental).
Figure 3.8: Linear fit method to determine threshold current applied at a temperature
of 22oC (experimental).
29
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SMALL DUTY CYCLE INPUT
PULSES
Pulsewidth is not the only measure to define the quality of an optical pulse. In
this chapter, the characteristics that set the criteria for a transmittable optical
pulse are defined. Also the characteristics of the input electrical signal used on
which the gain-switched optical signal used depends, are discussed. The exper-
imental setup that is used to generate gain-switched optical pulses is described.
This chapter also includes a discussion on the results generated using simula-
tions for gain-switched system when a 125 ps width input signal is used. The
gain-switched optical pulses generated in the lab using the setup described is
also discussed. The effect of change in DC bias and magnitude of modulating
signal on the various characteristics of the gain-switched pulse using simula-
tions is studied in this chapter. One of the experiments performed in the lab
was changing the magnitude of the DC bias and studying the gain-switched
optical pulses thus generated. The change in pulsewidth and peak power with
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the change in DC bias is also included in this chapter. Similar experiments were
performed by varying the magnitude of the modulating signal applied to the
laser diode.
4.1 CHARACTERISTICS OF GAIN-SWITCHED PULSES
The characteristics of gain-switched optical pulses change based on the input
conditions to the laser. These defining characteristics of the optical pulses are
discussed in this section.
Peak power. Peak power of an optical pulse is the maximum magnitude of that
pulse.
Pulsewidth. Pulsewidth is the full width half maxima of the optical pulse.
Pulse Ripple. The gain-switched pulses sometimes have secondary peaks,
though of small magnitude. Figure 4.1 shows an optical pulse as seen on an
oscilloscope and a pulse ripple can be seen.
Turn-on delay. The time delay between the input electrical signal and the out-
put optical signal is the turn-on delay. This delay is because of the time taken
by the charge carriers to reach the threshold value.
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Figure 4.1: Pulse ripple in a gain-switched optical pulse.
4.2 CONTROLLABLE PARAMETERS IN GAIN-SWITCHING
EXPERIMENTS
The characteristics of the gain-switched optical pulses discussed in the previ-
ous section depend on the following parameters:
Bias Current. The magnitude of DC bias applied to the laser.
Amplitude of modulating signal. The magnitude of modulating signal used
to bias laser diode.
Repetition Rate. The time period of the modulating signal applied.
Duty cycle. The ratio of the pulsewidth to the temporal period of the modulat-
ing signal.
Data pattern. A change in data pattern means that the time interval between
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two electrical pulses changes. This changes the initial level of the charge carri-
ers for the next input signal thus effecting the output optical pulse.
4.3 EXPERIMENTAL SETUP
Figure 4.2 shows the experimental setup used for generating gain-switched
pulses in the lab.
Figure 4.2: Setup for the gain-switching experiment.
The details of the equipment are as follows:
Signal Generator. Picosecond Pulse Labs Pulse/Pattern Generator.
Laser Diode. DFB laser with operating wavelength 1594.64 nm.
Threshold current: 22.3 mA at 22oC.
Oscilloscope. Agilent Infiniium DSO81204B.
Optical Spectrum Analyzer. Yokogawa AQ6375 Optical Spectrum Analyzer
The output voltage from the signal generator used could generate an electri-
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cal signal in range of 50 mVp−p to 1.8 Vp−p. And the requirement of voltage for
the experiment was in the range 2.5 Vp−p to 4.5 Vp−p as for values lower than
this range, the optical pulses generated are low in magnitude and unstable in
terms of peak power. And using higher values than the range specified results
in presence of ripples in the gain-switched optical pulses. For this purpose an
RF amplifier was used.
4.4 GAIN-SWITCHING WITH 125 ps INPUT SIG-
NAL USING SIMULATIONS
One of the scenarios that was simulated and then experimented on was using
125 ps FWHM input pulses. This width was chosen as it is the minimum achiev-
able width with the signal generator that was used for experiments. The shape
of the input pulses resembled as that generated by a comb generator with a rise
time and fall time of approximately 125 ps. The repetition rate of the signal was
800 MHz, which is the maximum frequency for the signal generator used. The
input signal used for the purpose of simulations is shown in figure 4.3.
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Figure 4.3: Electrical pulse used in simulations.
The input signal applied in the simulations is plotted in figure 4.4. The DC
bias is 0.8 Ith and modulating signal is 3 Ith in magnitude.
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Figure 4.4: Normalized input current vs normalized time when 125 ps width electri-
cal pulses are applied as input (simulated).
Figure 4.5 is the plot of the normalized charge carriers against normalized
time. It should be noted that there are only certain time intervals when the
number of charge carriers crosses the threshold value. The points where the
number of charge carriers cross threshold is the time when an optical output is
generated. This optical output is shown in figure 4.6. It can be seen that first
input pulse does not generate an optical pulse as the charge carriers are below
threshold.
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Figure 4.5: Normalized charge carriers vs normalized time when 125 ps width elec-
trical pulses are applied as input (simulated).
Figure 4.6: Output optical power vs normalized time when 125 ps width electrical
pulses are applied as input (simulated).
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4.5 EXPERIMENTAL RESULTS WITH 125 ps INPUT
SIGNAL
Figure 4.7 shows the 125 ps pulses from signal generator and the electical signal
from RF amplifier.
Figure 4.7: Electrical pulses from pulse generator and RF amplifier (experimental).
Note: Pulses from the RF amplifier are inverted as the signal gen-
erator has two output ports OUT and OUT. The OUT port was
directly connected to the oscilloscope and OUT through the ampli-
fier.
The output optical pulses generated from the gain-switching experiment are
shown in figure 4.8. Figure 4.9 shows the single pulse from the oscilloscope.
These are the first gain-switched optical pulses generated in the Photonics Sys-
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tems lab at RIT.
Figure 4.8: Gain-switched output pulses as seen on oscilloscope. The DC bias is 0.8
Ith and RF bias is 3 Ith.
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Figure 4.9: Single gain-switched output pulses as seen on oscilloscope. The DC bias
is 0.8 Ith and RF bias is 3 Ith.
4.6 EFFECT OF CHANGE IN DC BIAS ON PULSEWIDTH
AND PEAK POWER
4.6.1 Effect on pulse width
The quality of gain-switched pulses generated is determined by the pulsewidth
of the pulses, peak power, and presence of ripples. One of the parameters on
which these characteristics depend is the DC bias applied to the laser diode
used in the gain-switching experiment. A change in the magnitude of DC bias
has an impact on pulsewdth of the output optical pulse. A very low value of
DC bias means no or a very low magnitude gain-switched optical pulses. A
very high value of DC bias results in presence of pulse ripples. These ripples
are simply the secondary ripples of the laser’s relaxation oscillations.
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Figure 4.10 is a plot of average pulsewidth of the gain-switched optical
pulses against DC bias applied. The number of optical pulses used were six.
The average was taken because of the small variations in the series of pulses.
The plot shows a decrease in pulse width as the DC bias is increased.
Figure 4.11 shows the standard deviation of the pulsewidth at the different
values of DC bias. With the increase in DC bias the standard deviation value
decreases which shows an increase in uniformity with the increase in DC bias
applied.
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Figure 4.10: Plot of average pulsewidth of gain-switched optical pulses vs DC bias
normalized with threshold current (experimental). The modulating
signal has a width of 125 ps, Ib/Ith value of 2.7, and a repetition
rate of 800 MHz.
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Figure 4.11: Plot of standard deviation of pulsewidth of gain-switched optical pulses
vs DC bias normalized with threshold current. The modulating signal
has a width of 125 ps, Ib/Ith value of 2.7, and a repetition rate of
800 MHz.
4.6.2 Effect on peak power
An increase in DC bias would mean an increase in the peak power and that
is what was seen in the gain-switching experiment. This is shown in figure
4.12.The peak power continues to increase even after the pulsewidth flatlines.
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Figure 4.12: Plot of average peak power of gain-switched optical pulses vs DC bias
normalized with threshold current (experimental). The modulating
signal has a width of 125 ps, Ib/Ith value of 2.7, and a repetition
rate of 800 MHz.
The standard deviation of peak power is plotted against Ia/Ith in figure 4.13.
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Figure 4.13: Plot of standard deviation of peak power of gain-switched optical pulses
vs DC bias normalized with threshold current (experimental). The
modulating signal has a width of 125 ps, Ib/Ith value of 2.7, and a
repetition rate of 800 MHz.
4.6.3 Effect on pulse ripple
It is seen that the increase in DC bias current results in the presence of ripples
in the optical pulses. This can be seen in figure 4.14.
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Figure 4.14: Gain-switched optical pulses as seen on oscilloscope. The modulating
signal has a width of 125 ps, Ib/Ith value of 2.7, and a repetition
rate of 800 MHz.
4.7 EFFECT OF CHANGE IN AMPLITUDE OF MOD-
ULATIONG SIGNAL ON PULSEWIDTH AND
PEAK POWER
4.7.1 Effect on pulsewidth
To understand the effect of the amplitude of the modulating signal on the pulsewidth
of gain-switched pulses, the gain-switching experiment was performed by vary-
ing the amplitude of the 800 MHz, 125 ps modulating signal in the range of
2.7Ith to 4.7Ith. The value of DC bias was 0.5Ith . Figure 4.15 shows the average
of pulsewidth of six pulses for different values of the modulating signal.
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Figure 4.15: Plot of average pulsewidth of gain-switched optical pulses vs Ib/Ith (ex-
perimental).
Figure 4.16 shows the standard deviation of the pulsewidth of gain-switched
optical pulses plotted against normalized magnitude of the modulating signal.
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Figure 4.16: Plot of standard deviation of pulsewidth of gain-switched optical pulses
vs Ib/Ith (experimental).
4.7.2 Effect on peak power
An increase in the amplitude of the modulating signal increases the peak power
of the gain-switched optical pulses as shown in figure 4.17.
49
CHAPTER 4: GAIN-SWITCHING WITH VERY SMALL DUTY CYCLE
INPUT PULSES
Figure 4.17: Plot of average peak power of gain-switched optical pulses vs Ib/Ith (ex-
perimental).
Figure 4.18 shows the standard deviation for peak power with Ib/Ith as the
X-axis.
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Figure 4.18: Plot of standard deviation of peak power of gain-switched optical pulses
vs Ib/Ith (experimental).
4.7.3 Effect on pulse ripple
The optical pulses as seen on oscilloscope are shown in figure 4.19. For higher
values of Ib, pulse ripples are seen in the optical pulses.
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Figure 4.19: Plot of average peak power of gain-switched optical pulses against time
for various values of Ib.
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EFFECT OF TIME PERIOD OF
INPUT ELECTRICAL SIGNAL ON
GAIN-SWITCHED PULSES
The charachteristics of gain-switched pulses depend on the time interval be-
tween the consecutive electrical signals. This is because in that time interval,
the electron density decreases from a value higher than the threshold value.
The final level of electron density depends on the time interval between the
two electrical signals. The higher the value of the time interval is, the longer the
electrons have to reach the threshold level once the electrical signal is applied.
The increase in the time taken by electrons to reach the threshold value effects
the optical pulse generated. So it is important to study the effect of the change
in the time period of input signal on the gain-switched pulses generated.
5.1 DEPENDENCE OF PULSEWIDTH ON THE PE-
RIOD OF INPUT SIGNAL
Figure 5.1 shows the plot between normalized pulsewidth and normalized time
period of the electrical input signal. In the simulations it was seen that there
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is a range of time period where minimum width optical pulses were gener-
ated when 125 ps electrical input signal was used. As the time period was
increased, the width of these pulses was almost constant. Similar width pulses
were obtained when the normalized time period was in the range of 20-64. The
pulsewidth decreased as the normalized time period was decreased from 10 to
0.8. In the range of 0.4 - 0.8, the pulsewidth decreased. For values of normalized
time period lower than 0.4 the optical output was continous type as the number
of charge carriers were always above threshold.
Figure 5.1: Normalized pulsewidth vs normalized time period of input electrical sig-
nal (simulation).
Complimentary results were obtained in the experiments. A limitation in
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the experimental setup was that the minimum time period of the signal gen-
erator used was 1.25 ns. The DC bias value was 15.1 mA (approx 0.6 Ith) at a
temperature of 22oC. The magnitude of modulating signal was 3.45 Vp−p (ap-
prox 3 Ith) .
Figure 5.2: Pulsewidth vs time period of input electrical signal (experimental). a=0.6
and b=3.
5.2 DEPENDENCE OF PEAK POWER ON THE PE-
RIOD OF INPUT SIGNAL
The peak power decreased with the increase in normalized time period. The
input conditions were same as in section 5.1. Figure 5.3 shows the results ob-
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tained.
Figure 5.3: Peak power vs normalized time period of input electrical signal (simula-
tion).
The results obtained in the experiment complimented the simulations in the
case of peak power. From the same experiment as discussed in section 5.1, the
peak power of the optical pulses was measured and the result is shown in figure
5.4.
56
CHAPTER 5: EFFECT OF TIME PERIOD OF INPUT ELECTRICAL
SIGNAL ON GAIN-SWITCHED PULSES
Figure 5.4: Peak power vs normalized time period of input electrical signal (experi-
mental).
5.3 CONCLUSION
From the data shown in this chapter, it can be concluded that the pulsewidth
of the gain-switched pulse does not continue to decrease with the decrease in
time period. An increase in pulsewidth is seen in the simulations as the time
period of the electrical signal is reduced to values less than one times T/τc.
This means that there is a repetition rate range in which minimum width gain-
switched pulses are generated. And increasing the repetition rate of the input
electrical signal does not mean that the pulsewidth would reduce. This could
not be verified experimentally due to the limitation of the equipment available
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in the laboratory.
The peak power is seen to reduce with an increase in time period. This
means that higher peak power is obtained for a high repetition rate input elec-
trical signal. Also a relation between the peak power and the pulsewidth of the
gain-switched pulse can be noted. With the increase in pulsewidth, the peak




The pulsewidth of gain-switched pulse can be reduced using chromatic dis-
persion. This is possible because of the presence of chirp in the gain-switched
optical pulses. This chapter deals with the application of chromatic dispersion
on gain-switched pulses. The impact of chromatic dispersion on gain-switched
pulses generated by varying the bias current is studied.
6.1 CHIRP
In a diode laser, change in the number of charge carriers changes the refractive
index and therefore results in change of the phase φ. The temporal change in
phase leads to the change in instantaneous frequency νi, called chirp. Math-
ematically, chirp can be calculated from temporal phase. The instantaneous







The expression for φ is:
φ = βz−ω0, (6.1.2)
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where β is the wave number in radians/m and ω0 is the angular frequency of





where n is the refractive index of the laser diode, ω is the angular frequency, and
c is the speed of light. The refractive index of the laser diode depends on the





















Substituting the expression for dφ/dt from equation (6.1.5) in equation (6.1.6)
gives:







The change in instantaneous angular frequency is given by:
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where βc is the linewidth enhancement factor. The strength of βc determines
the strength of the chirp. The amount of chirp can be calculated using equation
(6.1.9) and (6.1.10). Note that the calculation of chirp in equation (6.1.10) is
decoupled from the other two rate equations. Once the solution for N is known,
the chirp is known.
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6.2 CHROMATIC DISPERSION
The presence of dispersion, results in the change in the pulsewidth of a propa-
gating optical pulse. The ratio of the initial pulsewidth T0 and pulsewidth at a















where C is the chirp parameter of the optical pulse and β2 is the GVD parame-
ter.




where ∆ω0 is the spectral width of the optical pulse and T0 is the temporal
pulsewidth of the optical pulse.
The broadening of the pulse due to chromatic dispersion depends on the
sign of the chirp parameter C and GVD parameter β2.
For β2C<0, pulse is compressed as it propagates through the fiber. This ap-
proach is used to compress gain-switched pulses. Using this approach, optical
pulses with FWHM of 26 ps were compressed to 5.6 ps by using dispersion
compensated fiber with dispersion of 46 ps/nm at wavelength 1.3 µm and a
pulse train period of 12 GHz [5]. This was done by coupling the optical pulses
from DFB laser to dispersion compensated single-mode fiber.
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6.3 CHROMATIC DISPERSION ON GAIN-SWITCHED
PULSE
The impact of chromatic dispersion on gain-switched pulses was studied with
the help of simulations. The modulating signal of 800 MHz and a 125 ps width
was used. The main aim for this study was to understand how the change in
magnitude of DC bias and modulating current impacts the value of chromatic
dispersion required to compress the gain-switched optical pulses.
To understand the effect of chromatic dispersion on gain-switched pulses,
gain-switched pulses generated using simulations were used. The chromatic
dispersion was simulated by using FFT in MATLAB. The fourier transformed
gain-switched pulses were then multiplied by exp (iβ2ω2z/2), where β2 is the
dispersion parameter in ps2/km, ω is the angular frequency, and z is the dis-
tance in km. The result thus obtained was then inverse fourier transformed to
obtain dispersed optical pulses.
At a DC bias of 0.8 Ith and magnitude of modulating signal 3 Ith, effect of ap-
plying different values of chromatic dispersion on pulsewidth of gain-switched
pulses was simulated. This is shown in figure 6.1. It was seen that for the
given input conditions, pulsewidth decreases but after a particular value of
chromatic dispersion, the pulses had secondary pulse. A further increase in
chromatic dispersion resulted in broadening of optical pulses. To conclude,
a specific amount of chromatic dispersion would generate transmittable com-
pressed optical pulses.
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Figure 6.1: Plot of pulsewidth against chromatic dispersion.
Figure 6.2 is the plot of the width of compressed optical pulses with an in-
crease in DC bias. For higher values of DC bias, pulsewidth of optical pulses
decreased. Figure 6.3 shows the percentage change in pulsewidth of the gain-
switched pulses plotted against Ia/Ith. The magnitude of the modulating signal
was 3 Ith. With the increase in DC bias, the amount of chromatic dispersion re-
quired for maximum compression of gain-switched pulse decreases. With the
increase in DC bias, the percentage change in pulsewidth increased.
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Figure 6.2: Plot of pulsewidth after dispersion compensation vs Ia/Ith (simulation) .
Figure 6.3: Plot of percentage change in pulsewidth after dispersion compensation vs
Ia/Ith (simulation) .
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In figure 6.4 width of compressed optical pulse at different values of mod-
ulating signal is plotted. A decrease in pulsewidth with the increase in modu-
lating current is seen. The percentage change in pulsewidth of gain-switched
pulse with increase in the magnitude of modulating signal is shown in figure
6.5. In this scenario also, with the increase in the magnitude of current, there
was a decrease in the chromatic dispersion required to compress the optical
pulses.
Figure 6.4: Plot of pulsewidth after dispersion compensation vs Ib/Ith (simulation).
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Figure 6.5: Plot of percentage change in pulsewidth after dispersion compensation vs
Ib/Ith (simulation).
6.4 CONCLUSION
The conclusion of this study is that with the change in bias current applied to
the laser diode, there is a change in chirp present in the gain-switched optical
pulse. This results in the change in the amount of chromatic dispersion required
to achieve minimum pulsewidth by dispersion compensation. An interesting
point to note is that with the increase in the bias applied to the laser diode, there






If a data pattern is used as a modulating signal for gain-switching, the optical
pulses generated are non uniform. This happens because of the change in time
interval between two consecutive pulses. It should be noted that only RZ pulses
can be used for gain-switching. In this section, gain-switched pulses generated
when a "1011" pattern is used as modulating signal are studied.
The data for gain-switching using a data pattern was taken by varying the
value of DC bias when the amplitude of modulating signal was kept constant.
It was observed that for values of DC bias in the range of 0.35 Ith to 0.5 Ith, no
gain-switched optical pulse was generated, for the first electrical pulse,. When
magnitude of DC bias was in the range of 0.2 Ith to 0.4 Ith, gain-switched pulses
for the first two input electrical pulses were not generated. This can be ex-
plained from the fact that for lower values of DC bias, the carrier density is not
able to cross the threshold carrier density level in the time duration of the first
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or the second electrical pulse.
Figure 7.1 shows the simulated gain-switched optical pulses when a pattern
of "1011" is used as modulating signal. Electrical signal used as the modulating
signal is shown in figure 7.2. Figure 7.3 is plot of gain-switched pulses for data
pattern as input as seen on oscilloscope.
Figure 7.1: Simulation results of gain-switched pulses generated when the modulat-
ing signal is 1011.The Ia/Ith is 0.8, Ib/Ith is 3, the width of input
pulse is 125 ps, and repetition rate is 800 MHz.
69
CHAPTER 7: GAIN-SWITCHING WITH AN APERIODIC INPUT
Figure 7.2: Input electrical signal for pattern "1011" used in experiments.
Figure 7.3: Experimental results of gain-switched pulses generated when the modu-
lating signal is 1011.The Ia/Ith is 0.7, the Ib/Ith is 2.7, width of input
pulse is 125 ps, and the repetition rate is 800 MHz.
A set of experiments was performed where in three different width electrical
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signals were used to generate gain-switched data pattern. For an input signal
with width 125 ps, the value of DC bias for which optical pulses corresponding
to all the ones in the data pattern were generated was 0.5 Ith with the modu-
lating signal magnitude as 2.7 Ith. For electrical signal with width 188 ps, the
whole data pattern was generated in optical pulses at a DC bias of 0.45 Ith. And
when electrical signal of width 250 ps was used, the data pattern was generated
in optical pulses at DC bias of 0.3 Ith.
7.2 EFFECT ON PEAK POWER
When a data pattern is used as the modulating signal in gain-switching, it is
seen that for lower magnitudes of DC bias, there is no optical pulse for the first
1 in the input pulse. With the increase in the magnitude of DC bias, the peak
power of optical pulses increases. The ratio of peak power for the two consec-
utive 1’s was studied. The peak power of first 1 of the two consecutive 1’s is
denoted by P1 and that of second 1 by P2. It is also observed that P1 and P2 is not
same in general and a decrease in the ratio P2/P1 from a value of greater than 1
to a value lower than one for low values of DC bias is seen. This behaviour is
shown in figure 7.4 and 7.5. Figure 7.4 shows the simulation results. The input
modulating signal was 125 ps in width, 800 MHz repetion rate, and 3 Ith. It can
be seen in the simulation results that for values of DC current in the range of
0.8 Ith to 0.9 Ith generate equal peak power optical pulses.
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Figure 7.4: Simulation results of P2/P1 vs Ia/Ith.The Ib/Ith is 3, the width of input
pulse is 125 ps, and the repetition rate is 800 MHz.
From the experimental data results similar to simulations were obtained. A
ratio of 1 for the two peaks can be attained when DC bias is in the range of 0.8
Ith to 0.9 Ith.
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Figure 7.5: Experimental results of P2/P1 vs Ia/Ith.The Ib/Ith is 2.7, the width of
input pulse is 125 ps, and the repetition rate is 800 MHz.
7.3 EFFECT ON TURN-ON DELAY
Turn-on delay is the time difference between the applied input signal and the
output pulse generated. In the case of gain-switching with data pattern, ∆τ1 de-
notes the turn on delay for pulse with peak power P1 and ∆τ2 the turn on delay
for pulse with peak power P2. The difference between the turn on delays ∆τ2
and ∆τ1 is the turn on delay difference, and is denoted by ∆τ. ∆τ is responsible
for jitter in the gain-switched output. It is seen that with the increase in DC bias
applied to the laser diode, ∆τ approaches zero, thus jitter is reduced. This was
calculated using simulations and is shown in figure 7.6.
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Figure 7.6: Simulation results of turn-on delay difference vs Ia/Ith.
7.4 EFFECT OF CHROMATIC DISPERSION ON PEAK
POWER
As already discussed, the consecutive optical pulses generated using a data pat-
tern are not uniform in terms of peak power. So dispersion compensation was
used to attain uniformity in the peak power of these pulses. Using simulations,
the chromatic dispersion applied to the gain-switched optical pulses was var-
ied and the ratio of P2 to P1 was calculated.
The value of P2/P1 before dispersion was applied was 1.2. Figure 7.7 shows
the ratio of peak powers after dispersion compensation. On the X-axis is the
amount of chromatic dispersion applied. As shown in figure, uniformity could
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be improved using dispersion compensation.
Figure 7.7: Simulation results of P2/P1 vs chromatic dispersion. The Ia/Ith is 0.8
and the Ib/Ith is 3.
7.5 EFFECT OF CHROMATIC DISPERSION ON TURN-
ON DELAY
When chromatic dispersion was applied to data-pattern-generated optical pulses,
the results as shown in figure 7.8 were obtained. For lower values of chro-
matic dispersion, the turn-on delay difference increased. The same was seen
for higher values of chromatic dispersion. However, in the middle of the range
of applied chromatic dispersion, the turn-on delay difference was minimized.
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Figure 7.8: Simulation results of turn-on delay difference vs chromatic dispersion.
The Ia/Ith is 0.8 and Ib/Ith is 3.
7.6 CONCLUSION
From this chapter it can be concluded that an increase in the DC bias results
in the stablization of gain-switched pulses generated using data pattern. The
increase in DC bias also helps in the reduction of the timing jitter of the gain-
switched pulses. But as discussed earlier, a higher value of bias current results
in the presence of ripples in the optical pulses, so to reduce the ripples in the
gain-switched pulses, dispersion compensation can be used to stablize the gain-
switched pulses and to reduce their turn-on delay difference.
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